suMNARY The DNA labile sites induced by two nitrosoureas, nimustine (ACNU) and ramustine (MCNU) synthesised in Japan, have been examined in highly reiterated DNA sequences ofrat glioma cells. Reiterated fragments of 167 and 203 base pairs (bp), obtained after Hind III and Hae III restriction endonuclease digestion of rat glioma cells DNA, were used as target DNA sequences to determine the labile sites. In vitro reaction with ACNU and MCNU resulted in scission products corresponding to the locations ofguanine. Subsequent piperidine hydrolysis produced more frequent breaks of the phosphodiester bonds at guanine positions, thus forming alkali-labile sites.
ureido]-6-deoxy-a-D-glucopyranoside (ramustine, MCNU) have also been reported as enhancing therapeutic effectiveness in the chemotherapy of malignant brain tumours.23 However, the mechanisms involved in their tumour cell-killing effects and DNA interactions are still unclear.
This paper presents a DNA sequencing analysis of in vitro interactions ofACNU or MCNU with cellular DNA, and characterises the DNA sites labile to these nitrosoureas.
Materials and methods
C6 and 9L cell lines were established from gliomas in rats,4 5 and were maintained in Eagle's MEM Earle medium supplemented with 10% fetal bovine serum at 37°C in a humidified atmosphere of 5% CO2 in air. Cells at the exponential growing stage were trypsinised, and were lysed in 1% sodium dodecyl sulphate in 0-15 M sodium chloride, 0015 M sodium citrate (pH 74) buffer. The lysate was digested by RNase (100 pg/ml) for 60 min and then Pronase (500 pg/ml) for at least 3 hours at 37°C. After protein removal using chloroform-isoamyl alcohol (19:1 vol/vol) and distilled phenol, the extracted DNA was dialysed extensively against Tris-EDTA buffer (10 mM Tris-HCI, 1 mM EDTA pH 8 0).
The DNA was digested with Hind III restriction endonuclease (Boehringer, I unit/ug DNA) for 3 hours in medium salt buffer (20 mM Tris-HCl pH 7-6, 50 mM NaCl, 6 mM MgCI2, 0-1 mg/ml gelatin, 6 mM 2-mercaptoethanol). The reacted DNA was located on a 4% polyacrylamide gel and stained with 1Oyg/ml ethidium bromide for 15 minutes. A 370 base pair (bp) fragment was recovered from the gel by electrophoresis.' The 370 bp fragment was labelled at the 3'-end with [a-`2PIdATP (New England Nuclear Products, -3000 Ci/mmol) for 30 min at 150C by the Klenow fragment of Ecoli DNA polymerase I (Boehringer). The reaction mixture contained 20 mM Tris-HCI (pH 7 6), 6 mM MgCl,, 6 mM NaCl, 6 mM 2-mercaptoethanol, 0-1 mg/ml gelatin, 100 uCi of[a-`2P]dATP, 100 pM dGTP, 100 pM 1TP, 100 pM dCTT, 1-5 pg DNA, and I unit of enzyme in 50 p1. After ethanol precipitation, labelled DNA was once again digested with Hae III in medium salt buffer at 37°C for 2 hours. 167 and 203 bp fragments were isolated on a 4% polyacrylamide gel. DNA sequencing reactions were performed according to Maxam and Gilbert.7
The 3'-end labelled 167 or 203 bp fragment was reacted with ACNU or MCNU in Tris-EDTA buffer at 37°C for varying incubation times, up to 2 hours. The drug concentrations ranged up to I mM. After ACNU or MCNU reaction, half of the sample was lyophilised and directly dissolved in loading buffer (80% vol/vol) deionised formamide, 50 mM Tris-borate pH 8-3, 1 mM EDTA, 0-1% (wt/vol) zylene cyanol, and 0-1% (wt/vol) bromophenol blue). The other half of the sample was lyophilised, redissolved in I M piperidine and incubated at 90°C for 30 min, and then repeatedly lyophilised and dissolved in loading buffer. Samples were heated at 90°C for 1 min in loading buffer before electrophoresis on sequencing gels (8% polyacrylamide, 50% urea). Gels were subjected to autoradiography overnight with a Kodak Quanta III 
Results
The amount of the 370 bp fragment obtained from at least 10' cells was sufficient and suitable for one sequencing experiment. The 3'-end labelled 370 bp fragnent was clearly cut into 167 and 203 bp fragments after Hae III digestion, as shown on a 4% preparative gel (fig 1) . Sequence homologies between C6 and 9L cells were recognised in the 167 and 203 bp fragments; these were identical to the consensus sequence for the 370 bp satellite DNA I obtained from Hind III-digested rat DNA. 8 Reaction of the end-labelled DNA fragments with ACNU or MCNU generated prominent bands, corresponding to positions of guanine in the original sequence through chemical cleavage (fig 2) . The amount of radioactivity in bands corresponding to breakage at guanine positions was considerably higher than that observed for any other base. Subsequent piperidine reaction more frequently broke the phosphodiester bonds at guanine positions.
As the ACNU or MCNU concentration increased, the intensity of the guanine bands also increased, indicating that under the standard conditions used, cleavage at guanine is semiquantitative. In addition, an increase in band intensity after ACNU or MCNU treatment was seen with prolongation of the reaction time. At the same molar concentration, the amount/ extent of DNA breaks were not significantly different chromosome pairing, control of gene expression, and processing of messenger RNA precursors.'6 The abundance of DNA breaks and modification induced by ACNU or MCNU in repeated sequences, especially in the guanine-rich region, can be expected to influence one or more of the above putative functions. The ultimate biological effect of the initial and unrepaired lesions in DNA, induced by the nitrosoureas, can result in tumour cell death or an alteration in biological behaviour. Bleomycin (BLM) showed strand scissions, potentiated by 2-mercaptoethanol, in guanine-cytosine and guanine-thymine sequences. Furthermore, neocarzinostatin (NCS) with added 2-mercaptoethanol causes DNA breaks at thymine and, to a lesser extent, adenine positions.
The synthesised nitrosoureas ACNU or MCNU caused damage or modification at positions corresponding to guanine moieties, resulting in the formation of alkali-labile sites. The site specificity of strand breaks suggests that the susceptibility of different genes may vary with their sensitivity to the effects of ACNU or MCNU. The vulnerability of guanine moieties to ACNU or MCNU is likely to be similar to that generated by other alkylating agents. '3 Several functions of highly reiterated sequences have been proposed, including involvement in
